The fluid-solid (FS) phase transition of N 2 adsorbed on graphite is known to be depressed abnormally by conjugated coplanar molecules such as benzene and copper phthalocyanine. This paper describes an investigation of the influence of a non-aromatic conjugated species (1,3-butadiene), a non-aromatic cation acceptor (18-crown-6), a strong electron donor (tetrathiafulvalene) and a strong electron acceptor (tetracyanoquinodimethane) on the FS phase transition of N 2 , when they were preplated on graphite. These species were, in fact, found to have no significant effect. This implies that molecular properties such as cation acceptance and electron transfer are of no importance, whereas the aromaticity of co-existing species plays a crucial role in disturbing the phase behaviour of N 2 .
INTRODUCTION
In recent years, binary physisorption films have attracted much attention and many interesting phenomena characteristic to binary systems have shed light on molecular interactions between different kinds of adsorbates.
Nitrogen adsorbed on graphite(0001) [Gr(0001)] is known to transform from the two-dimensional incommensurate fluid phase to the Ö3 × Ö3 commensurate solid phase as the areal density of N 2 increases in the submonolayer range (Kjems et al. 1976; Larher 1978) . This fluid-solid (FS) phase transition can be observed as a small density jump (an isothermal step) on the isotherm of the areal density of N 2 measured as a function of equilibrium pressure, e.g., at 6-7 Torr at a temperature of 77 K. However, it was found that the isotherm step disappeared when benzene in amounts as small as one-quarter of a monolayer (ML) was preplated on graphite (Asada et al. 1992 (Asada et al. , 1993a . Mono-substituted benzenes such as aniline, toluene, chlorobenzene and nitrobenzene also cause a similar phenomenon (Asada et al. 1999) . Anthracene and copper phthalocyanine (CuPc) exhibited a more remarkable effect and extinguished the isotherm step of the FS phase transition of N 2 when present in an amount less than 0.1 ML for anthracene and less than 0.2 ML for CuPc (Asada et al. 1999) . A similar FS phase transition for CO adsorbed on graphite was also found to be inhibited by a small amount of CuPc (Asada et al. 1999) . To date, the abnormal depression effect on the FS phase transition of N 2 and CO has been observed for coplanar or almost coplanar conjugated species. In contrast, when alkanes or CCl 4 are preplated on graphite, they do not disturb the phase behaviour of N 2 other than to decrease the surface area available for N 2 . The abnormal depression effect was interpreted as dissolution of the conjugated molecules in the N 2 fluid phase locally inducing a commensurate structure of N 2 . Thus the difference in density between the fluid and solid phases is decreased and this leads to a depression of the FS phase transition (Asada et al. 1999) .
However, an essential problem remains unresolved, i.e. why conjugated molecules exhibit such an abnormal effect whereas alkanes and CCl 4 do not. If conjugated molecules arrange around N 2 and CO in a Ö3 × Ö3 commensurate structure, what is the nature of the interaction between a conjugated molecule and the N 2 or CO molecules?
In the present work, the effects of the following four species on the FS phase transition of N 2 have been investigated: a non-aromatic conjugated species (1,3-butadiene, BD), a non-aromatic but cation-accepting ether (18-crown-6, CE), a strong electron donor (tetrathiafulvalene, TTF) and a strong electron acceptor (tetracyanoquinodimethane, TCNQ). These are all coplanar molecules in a similar manner to those studied previously. The main interest in this work is which of the molecular properties of the co-existing species causes the depression of the FS phase transition of N 2 : is it the conjugation of electrons, aromaticity, electron donation to graphite or electron acceptance from graphite?
EXPERIMENTAL
The adsorbents used in the experiments described were exfoliated graphite of ca. 1 g in weight. These were degassed overnight at 400ºC before use. Initially, the adsorption isotherm of N 2 on the virgin sample was measured at 77 K to obtain the amount corresponding to one monolayer G 0 N 2 of N 2 , which is defined as the amount of N 2 adsorbed when the FS phase transition is completed. For this reason, the quantity G 0 N 2 is assigned to the value obtained by extrapolating the higher pressure portion of the isotherm to the equilibrium pressure corresponding to the steepest slope of the phase transition step by using a parabolic function of the pressure. A measured amount of BD, CE, TTF or TCNQ was then adsorbed on to the graphite using the procedure described below.
For BD, the gaseous material with nominal purity of 99% was first admitted to the adsorbent held at 77 K. The amount of the gas was controlled by adjusting its pressure in a known volume. The gaseous deposit was then annealed to a higher temperature at which the deposit was partially vaporized from the graphite sample and from the container wall. Following this procedure, the system was cooled again to 77 K. This annealing procedure was repeated about 20 times in order to spread the deposit homogeneously over the adsorbent, and thereby enable a reproducible isotherm to be obtained.
To adsorb CE, TTF and TCNQ on the adsorbent, a weighed amount of these powders was mixed with the adsorbent in a glass container. After evacuation, this container was sealed and heated overnight at 200ºC for CE and TTF or at 400ºC for TCNQ. Subsequently, the sample was inserted in the adsorption measurement apparatus and evacuated overnight at a low temperature to avoid evaporation of the deposit, i.e. at room temperature for CE, at 40ºC for TTF and at 100ºC for TCNQ.
The adsorption isotherm of N 2 was measured volumetrically on the graphite samples pretreated in this way and held at 77 K. The vapour pressure of the co-existing deposit was extremely low and far below the detection limit of the pressure sensor (Baratron 223BD with a full-scale reading of 10 Torr and with a precision of 10 -3 Torr). The temperature of the adsorption measurement apparatus including the pressure sensor was regulated at 30.0 ± 0.1ºC. The pressures reported below have not been corrected for the thermal transpiration effect.
RESULTS

One ML amounts of BD, CE, TTF and TCNQ
One ML amounts of the condensates (BD, CE, TTF and TCNQ) were determined in the same way The amount of preplated condensate, G x , is 0 (bare graphite, ), 0.42 (BD, ), 0.09 (CE, D), 0.60 (TTF, ) and 0.23 (TCNQ, ). The isotherms shown by , and have been shifted downwards by 0.2, 0.4 and 0.6, respectively. as described previously (Asada et al. 1999) . The principle employed was that the area of the surface not covered by the condensate is proportional to D Kr , i.e. the amount of Kr adsorbed through the second layer condensation transition which occurs at an equilibrium pressure of 0.7 Torr at a temperature of 77 K. Figure 1 depicts some of the Kr adsorption isotherms observed on graphite preplated separately with each of the condensates together with that observed on bare graphite for comparison. The amount of Kr adsorbed, G Kr , was normalized by division with G 0 N 2 and the amount of the condensate pre-adsorbed, G x , in the same way to give G x /G 0 N 2 = 0.42 for BD, 0.09 for CE, 0.60 for TTF and 0.32 for TCNQ.
For graphite preplated with BD or CE, the isotherm reveals a step attributable to a displacement transition at ca. 0.2 Torr for BD or ca. 0.05 Torr for CE. As a consequence of this phase transition, Kr partially displaces the condensate to expand the Kr monolayer phase. The displacement transition is of first order and occurs prior to the second layer condensation transition. The displacement transition can occur even when the whole graphite surface is covered by a deposit, and produces a Kr domain in the first adlayer. In Figure 2 , the height of the step of the second layer condensation transition of Kr, D Kr , has been plotted against the amount of condensate, G x . It will be seen that a good linear relationship was obtained between D Kr and G x for TTF and TCNQ. The intercept on the abscissa gives the 1 ML amount of the condensate, G x 0 . For BD and CE, on the other hand, the dependence of D Kr on G x can be represented by two straight lines as a consequence of the displacement transition. The point of intersection between these lines may be regarded as corresponding to the completion of a monolayer of the condensate. The 1 ML amounts, G x 0 , expressed as G x 0 /G 0 N 2 , were 0.64 for BD, 0.15 for CE, 0.41 for TTF and 0.34 for TCNQ. These values can be compared with those reported previously for benzene (Asada et al. 1992 (Asada et al. , 1993a and for CuPc (Asada et al. 1999) , i.e. CuPc (0.073) < CE (0.15) < TCNQ (0.34) < benzene (0.40) » TTF (0.41) < BD (0.64). This order agrees with that expected from the size of the molecular plane of these coplanar molecules. Since benzene (Monkenbusch and Stockmeyer 1980) and CuPc (Lundwig et al. 1994 ) are known to be adsorbed in a flat configuration on the basal plane of graphite, it would appear that each of these species does not condense in a three-dimensional manner on graphite but adsorbs flat in a single layer up to 1 ML capacity. Figure 3 shows some of the N 2 adsorption isotherms observed. The isotherm step seen at 6-7 Torr is caused by the FS phase transition. The height of the step, D N 2 , is plotted in Figure 4 as a function of the amount of condensate pre-adsorbed, G x . A good linear relationship is observed between D N 2 and G x . The minimum amount of the condensate necessary to extinguish the FS phase transition is given by the value of the intersection with the abscissa. From this, a value of G x /G 0 N 2 = 0.54 for BD, 0.17 for CE, 0.35 for TTF and 0.23 for TCNQ was obtained. Expressed as units of ML for the respective species, these are 0.84 ML for BD, 1.13 ML for CE, 0.85 ML for TTF and 0.68 ML for TCNQ, respectively.
FS phase transition of N 2
Of these, TCNQ exhibited a somewhat smaller value than the rest. However, all were much larger than the values obtained previously for aromatic coplanar molecules (Asada et al. 1993a,b) , i.e., 0.25 ML for benzene, less than 0.2 ML for CuPc and less than 0.11 ML for anthracene. The present values are in the region of unity and similar to those obtained for CCl 4 and alkanes in previous work: 0.84 ML for CCl 4 (Asada et al. 1992) , 0.88 ML for n-hexane, 1.0 ML for cyclohexane (Asada et al. 1993a ) and 0.90 ML for n-octane (Asada et al. 1999) . This implies that, in a similar manner to CCl 4 and alkanes, BD, CE, TTF and TCNQ are phase-separated from N 2 and that they have no significant effect on the phase behaviour of N 2 . It should be noted that some molecules of these condensates may be assumed to be dissolved in N 2 domains as impurities, but that the present experimental results provide no evidence for the disturbance of the phase transition of N 2 by these impurity molecules. An abnormal depression effect by an impurity dissolved in the N 2 phase was shown clearly for dimethylanthracene in previous work (Asada et al. 1999 ).
DISCUSSION
The work described in this paper has shown that none of the species studied disturbed the FS phase transition of N 2 . Thus, although BD is a conjugated species, it had no effect on the phase behaviour of N 2 in sharp contrast to benzene, anthracene and CuPc. This suggests the importance of the aromaticity of the conjugated system for the abnormal depression of the FS phase transition of N 2 .
In contrast, CE is a coplanar ring molecule and can capture a foreign metallic ion at its centre to form a complex. This property of CE might have been expected to change the electronic state of the graphite substrate and thereby disturbing the phase behaviour of N 2 . However, the experimental results described do not support this expectation, indicating that a cation-accepting property has no effect on the phase behaviour of N 2 .
The electronic state of the graphite substrate would be expected to be affected by the strong electron donor TTF and the strong electron acceptor TCNQ. However, neither of the molecules had any definite effect on the phase behaviour of N 2 , implying that electron transfer to or from the graphite substrate does not play an important role in the depression of the phase transition of N 2 .
The four CN groups contained in a TCNQ molecule reduce the electron density on the benzene ring. Hence, it may be said that TCNQ is less aromatic than benzene. TTF also can be regarded as being less aromatic than benzene because of the low symmetry of the five-membered ring containing two sulphur atoms. From these viewpoints, the strong aromaticity of the co-existing molecules seems to be essential for disturbing the phase behaviour of N 2 .
SUMMARY
In the work presented, an investigation has been conducted as to whether pre-adsorbed species (BD, CE, TTF and TCNQ) exert an abnormal influence on the FS phase transition of N 2 on graphite. It has been shown that molecular properties such as cation-acceptance and electron transfer are not essential for disturbing the phase behaviour of N 2 . Rather, the strong aromaticity of the conjugated system should be regarded as a crucial factor in the depression of the FS phase transition. Aromatic species are known to have a characteristic magnetic property arising from a circular current generated on the conjugated ring. Hence, it could be that a magnetic interaction between the aromatic species and the graphite surface leads to N 2 molecules being sited on the 3 commensurate sites. If the 3 commensurate structure is locally induced in the fluid phase of N 2 , the difference in density between the fluid and solid phases is reduced and accordingly the isotherm step of N 2 due to the FS phase transition is depressed. Detailed theoretical investigations are strongly recommended to clarify the nature of the interaction between an aromatic molecule and a graphite surface.
